Abstract: Lungs are indispensable organs for the respiratory process, and maintaining their homeostasis is essential for human health and survival. However, during the lifetime of an individual, the lungs suffer countless insults that put at risk their delicate organization and function. Many cells of the immune system participate to maintain this equilibrium and to keep functional lungs. Among these cells, mast cells have recently attracted attention because of their ability to rapidly secrete many chemical and biological mediators that modulate different processes like inflammation, angiogenesis, cell proliferation, etc. In this review, we focus on recent advances in the understanding of the role that mast cells play in lung protection during infections, and of the relation of mast cell responses to type I hypersensitivity-associated pathologies. Furthermore, we discuss the potential role of mast cells during wound healing in the lung and its association with lung cancer, and how mast cells could be exploited as therapeutic targets in some diseases
INTRODUCTION
Paul Ehrlich described mast cells for the first time more than 100 years ago, through their characteristic metachromatic staining with aniline dyes. He noticed that these cells had abundant and dense granules; he assumed that the granules were caused by excessive feeding. These cells were abundant in areas near tumors, so Ehrlich postulated that they played a role in the protection against cancer [1] . Since then, many functions were proposed for mast cells in the regulation of organism homeostasis, but experimental evidence to support these assumptions was lacking [2] . The discovery of mice with a diminished number of mast cells, and their reconstitution with bone marrow-derived mast cells, provided a tool to test these hypotheses and to extend our knowledge about the functions of mast cells in the body [3] .
Mast cells derive from hematopoietic precursors that are released from the bone marrow into the bloodstream and are recruited to connective tissues, where they complete their differentiation. Mast cells can live for months in the tissues, where they proliferate in response to different signals. The tissues that usually contain abundant mast cells are those that interact with the external environment (the skin and the gastrointestinal, urogenital and respiratory tracts), where mast cells are located near lymphatics and blood vessels, or development of type I hypersensitivity, the relevance of mast cells for the initiation of allergic reactions was underscored [8] . By far, the most studied mast cell-activating signal is the cross-linking of FcεRI by IgE and allergen, an event that leads to mast cell degranulation and to the release of several chemical mediators that cause the immediate inflammatory response characteristic of type I hypersensitivity [9] . As a consequence, much of our knowledge of mast cell biology is biased towards their participation in this pathological process.
Type I hypersensitivity, or allergic inflammation, is an acute inflammation produced in sensitized individuals when they are exposed to the corresponding allergen. Sensitization occurs when dendritic cells capture an allergen in the airways, migrate to the regional lymph nodes and activate naïve T cells. In the presence of IL-4 (derived from mast cells, eosinophils or innate lymphoid cells), the T cells acquire a Th2 phenotype and produce IL-4 and IL-13. These cytokines promote class-switch recombination in B cells, which then produce allergen-specific IgE. IgE binds to FcεRI on mast cells, which are then primed for activation upon reexposure to the allergen. During this subsequent exposure, the allergen cross-links FcεRI-bound IgE, which leads to mast cell activation and degranulation. The mediators derived from activated mast cells cause bronchoconstriction, vasodilation, increased vascular permeability, mucus production and recruitment of eosinophils and neutrophils. Repetitive or persistent exposure to the allergen leads to a chronic allergic inflammation, which causes tissue injury and remodeling; this last process includes the severe narrowing of the airway lumen observed in asthmatic patients [10] .
However, mast cells are conserved in different groups of vertebrates [11] , and from an evolutionary point of view, it makes no sense that humans should have conserved a cell population that causes a harmful and even deadly response if it conferred no evolutionary advantage. So, in the last years, the study of mast cells has been redirected to investigate their participation in processes such as innate immune response to pathogens, regulation of inflammation, wound healing and regulation of tumoral growth. In this review, we focus on the mechanisms used by mast cells in the lung to keep the proper function of this vital organ.
THE ROLE OF MAST CELLS DURING LUNG INFECTION
Mast cells have a vast collection of cell membrane receptors that allow them to sense the external environment. A set of these receptors are Pattern Recognition Receptors (PRR) that recognize Pathogen Associated Molecular Patterns (PAMP). These receptors are crucial for the initiation of the innate immune response, and they are classified in five groups: Toll-like receptors (TLR), Nod-like receptors (NLR), C-type Lectin Receptor (CLR), RIG-I-like Receptor (RIR) and scavenger receptors [12] . Mast cells express at least one receptor of each group, allowing them to recognize a multitude of microorganisms, including viruses, bacteria, protozoa, fungi and multicellular parasites [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] (Fig. 1) .
The first evidence that mast cells are crucial elements of the immune response to pathogens came from a study of the 
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Endosome infection of the rat gastrointestinal tract with multicellular parasites [24] . There are few studies that investigate if mast cells play a role in the containment of parasitic diseases in the lungs. Fungi are a group of pathogens that can establish infections in the lungs [25] . One of the firs studies that established a role for mast cells in fungal infections in vivo reported that, in a mouse model of infection with Sporothrix schenckii, mast cell depletion decreased the severity of cutaneous lesions [26] . Whether mast cells in the lungs plays a role in fungal infections needs to be evaluated, but in vitro experiments suggest that they do have a role, because they are activated by Aspergillus fumigates [27] .
In contrast, bacterial infections of the lungs have been more studied. Malaviya et al. in 1996 identified for the first time that mast cells are essential for the early containment of bacterial infections in the lungs [28] ; Klebsiella pneumonie, a gram-negative bacteria that causes community-acquired pneumonia [29] , was among the bacteria tested in this study. The authors observed that the lung bacterial load was higher in mice deficient in mast cells, compared with wild-type mice, and this correlated with a defective recruitment of neutrophils to the lung. These results indicated that mast cells did not have a direct antimicrobial activity, but they induced inflammation through TNF-α, which allowed the recruitment of neutrophils [28] .
Mast cells also participate in the immune response to Mycoplasma pneumoniae, a bacteria that is among the smallest free-living organisms and lacks a classical bacterial cell wall [30] . Airway infection of mice deficient in mast cells induced faster weight loss, more severe pneumonia, higher mortality and increased bacterial burden in the lungs, compared with wild-type mice. This work showed that mast cells play an important role in innate immune response against bacteria that infect lungs [31] .
Tularemia is a life-threatening disease caused by Francisella tularensis, a gram-negative coccobacillus that can be spread through aerosols [32] . Intranasal infection of wild-type mice with F. tularensis induces an increased accumulation of mast cells in the lungs. Accordingly, mast cell-deficient mice showed impaired bacterial control and a significant decrease in IL-4 production. In fact, mast cells confer protection by inhibiting bacterial entry and replication in macrophages, thus showing a different mechanism by which mast cells confer protection against bacterial infection in the lungs [33] .
Tuberculosis is one of the leading causes of death in the world. It is caused by Mycobacterium tuberculosis (Mtb), a bacteria that has a cell wall unique among bacteria, and that infects and usually persists in the lungs [34] . Studies with humans have shown an increase of mast cells in the lymph nodes of patients with tuberculous lymphadenitis [35] . In vitro studies demonstrated that Mtb activates mast cells, inducing degranulation, production of IL-6 and TNF-α and even bacterial internalization through lipid rafts [36, 37] . Moreover, in vivo experiments have suggested a role of mast cells in the containment of Mtb infection. In one of the first studies, mice received C48/80, a compound that induces mast cell degranulation, before infection with Mtb. These mice showed an altered production of cytokines and chemokines, which induced a decrease in lung inflammation and an increase in Mtb load, compared with untreated mice [38] . A second study used TLR-2 knockout mice, which are highly susceptible to Mtb infection. When these mice received mast cells that express TLR-2 before infection with Mtb, they had an improved inflammatory response, with myeloid cell recruitment and granuloma formation that correlated with increased protection against the bacilli [39] . These studies reinforce the notion of mast cells as crucial players of the lung innate immune response against bacterial pathogens.
Cytomegalovirus is a beta-herpes virus that causes interstitial pneumonia in immunocompromised patients and is a serious problem in patients with an organ transplant [40] . Infection of mast cell-deficient mice with cytomegalovirus is followed by high viral replication and delayed virus clearance from the lungs, compared with wild-type mice. Interestingly, this phenomenon was associated with a defective production of the chemokine CCL5 (also known as RANTES) and a decreased recruitment of CD8+ T cells into the infected lungs, providing evidence that mast cells can recognize viral infection and induce the recruitment of essential effector cells to the site of infection in the lung [41] .
Influenza is a frequent infectious disease of the human respiratory tract, which is caused by a group of viruses from the Orthomyxoviridae family; the most common of these viruses is influenza A. These viruses have attracted attention because they are associated with pandemics that have severely affected human health, like the 'Spanish flu' of 1918 [42] . Interestingly, studies with this strain have reported alterations in lung architecture, which are caused by an excessive inflammatory response promoted by an uncontrolled production of inflammatory cytokines and chemokines, also known as 'cytokine storm' [43] . In a mouse model of infection with a pathogenic strain of H5N1 virus, lung lesions were reduced if mice were treated with ketotifen, a well-known mast cell degranulation inhibitor. Moreover, mice survival was dramatically increased if mice received a combined treatment of ketotifen and oseltamivir, an antiviral drug. These results suggest that mast cell activation correlated with pathology development during H5N1 infection, and that inhibition of mast cell activation improved host health [44] . Furthermore, Graham A et al. recently showed that the pathology associated with influenza A virus infection is significantly decreased in mast celldeficient mice, compared with wild-type mice. This event is associated with a lower production of the inflammatory cytokine TNF-α and the chemokines CCL2, CCL3, CCL4, CXCL2 and CXCL10 in the lungs, suggesting a critical role of mast cells during the induction of the 'cytokine storm' [45] . The studies in mice described above show that mast cells play a pro-inflammatory role against bacterial and viral infections, with both beneficial and detrimental effects. On the one hand, mast cells are critical for the innate immune response because they recruit effector cells that are fundamental for the containment of the pathogens during the early stages of infection; this event has been observed in other organs besides the lungs. On the other hand, excessive mast cell activation by pathogens can lead to damage and loss of lung function, as evinced by influenza studies. This excessive mast cell activation has also been observed in calves with paroxystic respiratory distress syndrome caused by bovine respiratory syncitial virus [46] . Recent evidence indicates that mast cells also play a predominant role in the development of pathology during dengue virus infection. St John A, et al. observed a direct correlation between the serum levels of chymase and the severity of dengue disease in humans; interestingly, treatment of mice with drugs that block mast cell degranulation or with an antibody that blocks leukotriene receptors improved the vasculopathy associated with dengue virus infection [47] . These studies point to mast cells as a new therapeutic target to limit the damage provoked by excessive inflammation during infectious diseases, such as influenza and dengue.
THE REGULATORY FUNCTIONS OF MAST CELLS IN OTHER ORGANS
In contrast with their classical pro-inflammatory function, it has been reported that mast cells can produce significant amounts of anti-inflammatory cytokines, like IL-10. Mast cell-produced IL-10 plays a crucial role in limiting the sterile inflammation provoked by allergic contact dermatitis or UV radiation [48] . Moreover, mast cellproduced IL-10 is essential for the induction of immune suppression by UV exposure [49, 50] . Bacteria can also induce IL-10 production by mast cells; Chan C et al. recently demonstrated that mast cells produce IL-10 during in vivo bladder infection with uropathogenic Escherichia coli, and this event was necessary to maintain the tolerance that allowed bacterial persistence [51] . This study demonstrated that microorganisms can tune mast cells into a proinflammatory or an anti-inflammatory program in order to subvert the immune response.
Several microorganisms directly target mast cells in order to avoid an effective immune response. Choi et al, recently showed that Salmonella typhimurium injects a potent phosphatase (SptP) into the cytosol of mast cells; SptP interferes with mast cell activation, even with a very strong signal (FcεRI cross-linking). This strategy is also exploited by Yersinia pestis, which uses a phosphatase (YopH) with high homology to SptP to dampen mast cell activation [52] . Pathogenic bacteria are not the only ones that effectively suppress mast cell activation, symbiotic bacteria have established a delicate balance with the immune response in order to colonize and survive in different anatomical locations of the host [53] . Breakdown of such balance usually results in the development of different pathologies [54] . So, it is not surprising that bacteria that usually colonize the gastrointestinal tract can regulate mast cell activation. One of the first evidences of this strategy came from a study in which murine mast cells were stimulated with non-pathogenic E. coli from human gut. Unexpectedly, mast cells did not degranulate, even after incubation with a high bacterial load, which contrast with the swift degranulation in response to pathogenic E. coli. Furthermore, mast cells incubated with non-pathogenic E. coli lost the ability to degranulate in response to strong activators, such as A23187 and FcεRI cross-linking [55] . A similar phenomenon is also observed with Lactobacillus and Bifidobacterium, other probiotic and symbiotic bacteria that reside in the human gut [56, 57] . These results are of great interest in view of the association that exists between the use of probiotics and the prevention and treatment of several atopic diseases [58] . However, how this prevention and treatment are achieved is still a matter of discussion, and several mechanisms have been proposed to explain this phenomenon. Recent evidence derived from a mouse model of allergic inflammation points out that probiotics have the ability to decrease the effector phase in allergic diseases, even in the presence of specific IgE antibodies. This effect is related to the inhibition of mast cell activation through the alteration of the signaling pathways triggered by FcεRI [59] . The probiotics Bifidobacterium breve and Lactobacillus rhamnosus have been proposed as treatments for atopic diseases because of their potent effect in suppressing mucosal mast cell degranulation during chronic asthma [60] .
IS THERE A CORRELATION BETWEEN MAST CELLS RESPONSE TO INFECTION AND TYPE I HYPERSENSITIVITY IN THE LUNGS?
As described in the previous section, mast cells play an essential role in the initiation of the innate immune response to pathogens. In fact, all the cells that participate in type I hypersensitivity also participate in type 2 immune responses, which protect against infections with bacteria, viruses and multicellular parasites, and participate in the clearance of venoms, xenobiotics and irritants [61] .Type 2 innate lymphoid cells and Th2 lymphocytes produce IL-5, which induces eosinophil activation and recruitment; they also produce IL-9, which causes basophil and mast cell proliferation, and IL-13, which increases mucus production and causes fibrosis [61] . These cell populations constantly interact with each other: for example, type 2 innate lymphoid cells produce IL-13 in response to mast cell-derived prostaglandin D2, for which they have a specific receptor, CRTH2 [62] .
Since mast cells play a fundamental role during the early stages of type I hypersensitivity and also during the initiation of the innate immune response to pathogens, two important questions arise: 1. Is the response of mast cells to pathogens affected in an allergic environment? 2. Can pathogens exacerbate type I hypersensitivity through mast cell activation?
In relation to the first question, there is considerable epidemiological evidence that asthma is a risk factor for viral and bacterial infections in the lungs, but what promotes this increased susceptibility to infections is poorly understood [63] [64] [65] [66] [67] . A deficient immune response could explain this increased susceptibility; for example, Jung J et al. observed that asthmatic patients have decreased titers of specific pneumococcal antibodies when compared to not-asthmatic individuals [68] . Other authors suggest a defective innate immune response as the cause of this increase in the susceptibility to infections. Several mechanisms of the innate immune response are altered in allergic patients, including a defective epithelial barrier, an excessive mucus production and a decreased production of cytokines [69] . However, this defective innate immune response apparently does not affect the potential of mast cell to combat infections, as is demonstrated in a mouse model of infection with Mycoplasma pneumonie in an allergic setting [70] .
In relation to the second question, infectious diseases, especially those caused by bacteria and viruses, are considered important environmental elements that exacerbate atopic diseases [71] . Several reports indicate that infections with bacteria and viruses that affect the respiratory tract induce the production of IgE antibodies specific for bacterial or viral components. Infection of newborn mice with respiratory syncital virus (RSV) induces the production of virus-specific IgE, and reinfection of these mice caused the airway symptoms classically associated with an allergic response [72] . Moreover, in a mouse model of acute infection with influenza A virus, an enhanced susceptibility of the host to develop a severe allergic response to house dust-mite was described [73] . These studies suggest that the induction and the exacerbation of allergic responses by pathogens are associated with a modification of the environment that favors IgE production; however, another mechanism could be the exacerbation of mast cell responses. As we discussed earlier, several bacterial and viral pathogens can induce mast cell activation, inducing a pro-inflammatory environment that recruits effector immune cells. But how does a mast cell respond if it is simultaneously activated through FcεRI and through receptors that sense infection? Early studies suggested that this double stimuli results in an increased activation of mast cells. For example, mast cell lines activated through FcεRI and infected with rhinovirus release more histamine and produce more cytokines than mast cell lines activated with a single stimuli [74] . Patients with allergic rhinitis that were experimentally infected with rhinovirus showed increased levels of histamine and eosinphil recruitment in bronchoalveolar lavages, compared with allergic individuals that were not infected with rhinovirus, suggesting an altered mast cell response [75] .
Several reports also associate infection with pathogenic bacteria with the development of an environment that facilitates or exacerbates the development of type I hypersensitivity. For example, the pathogenic bacteria Mycoplasma pneumoniae, Streptococcus pneumoniae, Haemophilus influenza and Chlamydia pneumoniae induce the production of IgE specific for bacterial components, suggesting that infection promotes an environment favorable for the development of allergies [76] [77] [78] . However, little information exists about how these pathogenic bacteria could affect mast cell activation through FcεRI. As mentioned above, the only bacteria that have been analyzed in this respect are symbiotic bacteria from the gastrointestinal tract (E. coli, Lactobacillus spp and Bifidobacterium spp), and these bacteria ameliorated FcεRI-mediated activation of mast cells, showing a therapeutic potential of these bacteria for allergic reactions in the gut. However, other symbiotic bacteria that colonize a different environment, the vagina, apparently do not mimic this effect [79] . Interestingly, new evidence has demonstrated that the human respiratory tract is home to several symbiotic bacteria, and environments that were thought to be sterile, like the bronchial tree, in fact contain about 2,000 bacterial genomes per cm 2 . Moreover, asthmatic patients showed altered bacterial communities in their airways, when compared with healthy individuals, with an increase in Haemophillus spp and a decrease in Prevotella spp [80] . How these changes in microbiota airway affect the progress of type I hypersensitivity and how they alter mast cell function are fields that need to be clarified in the future.
THE ROLE OF MAST CELLS IN WOUND HEALING OF THE LUNG
Wound healing is a biological process critical to maintain body homeostasis. This process develops in an orderly fashion, involving hemostasis, inflammation, cell proliferation and remodeling of the affected tissue. Alterations in the sequence, duration or intensity of any of these stages result in an impaired tissue repair that is usually reflected in the development of different pathologies [81] . Several cell populations are involved in this process, and cells of the immune system have been implied in different steps of the process. Mast cells are considered as important players in this process for several reasons. First, they tend to accumulate and degranulate in the wounded tissue, favoring the recruitment of effector cells, mainly neutrophils and macrophages [82] . The neutral proteases chymase and tryptase favor the degradation of the extracellular matrix [83, 84] ; mast cell production of arachidonic acid-derivatives induces the production of type I collagen by fibroblasts [85] , and mast cell production of Fibroblast Growth Factor (FGF), Vascular Endothelial Growth Factor (VEGF) and Transforming-Growth Factor β1 (TGF-β1) is considered important for fibroblast proliferation and for the formation of new blood vessels [86] . However, much of the knowledge about the role of mast cells during wound healing comes from studies in the skin, and little work has been performed in the lung, perhaps because of the lack of an appropriate model of lung injury, making this an interesting field that needs more research to clarify the role of mast cells in this environment.
THE ROLE OF MAST CELLS IN LUNG CANCER
Paul Ehrlich described that mast cells were abundant in areas near tumors, and assumed that these cells played an important role in the regulation of tumor growth more than 100 years ago [1] . Since then, several reports have confirmed that mast cells usually accumulate in areas near tumors, and that this accumulation is associated with a poor prognosis in breast cancer [87] , melanoma [88] , Hodgkin's lymphoma [89] , oral squamous cell carcinoma [90] , renal carcinoma [91] , pancreatic cancer [91] , endometrial cancer [92] , cervical cancer [93] , etc. In 2000, Imada et al. observed that patients with stage I non-small cell lung adenocarcinoma had an increased number of mast cells in tumor areas around blood vessels, and those patients with higher mast cells counts had a worse prognosis [94] . The mechanisms that lead to mast cell accumulation in different tumors are still unclear. It has been suggested that tumor cells produce chemotactic mediators that attract mast cells to the tumor, but few of these chemotactic mediators have been identified. One example is Stem Cell Factor (SCF), which is produced by several tumor-derived cell lines, including a human alveolar adenocarcinoma cell line. SCF interacts with the receptor c-kit, which is expressed on mast cells, and directs their migration to the tumor [95] .
How mast cells contribute to tumor growth is still matter of research, but three main mechanisms have been proposed: 1) production of tumor growth factors, 2) facilitation of tumor angiogenesis and 3) modification of the interaction between the epithelial cells and the stroma [96] . A mast cell product that leads to the proliferation of tumor cells is histamine, which promotes the proliferation of alveolar basal carcinoma cells [97] . Another product is adrenomedullin, which promotes the proliferation of lung cancer cells. Adrenomedullin-stimulated mast cells produce cytokines, such as Fibroblast Growth Factor (FGF) and Vascular Endothelial Growth Factor (VEGF), which are associated with increased angiogenesis in vivo [98] . Imada et al. observed an increase in the number of mast cells that produce VEGF in patients with lung adenocarcinoma [94] . In contrast with previous reports by several authors, Welsh et al. reported that, in non-small cell lung adenocarcinoma, the number of mast cells in the tumor stroma had no correlation with tumor progression, while an increased number of mast cells in the tumor cell islets correlated with an improved prognosis [99] . These results suggested an anti-tumor role for the infiltrating mast cells, but the mechanism was not investigated, and further studies are needed to clarify this issue.
CONCLUSION
Mast cells can trigger different mechanisms that contribute to the homeostasis and adequate function of the lungs. Disequilibrium in the function of mast cells can lead to pathological states, of which asthma is the most recognized. Mast cells play an essential role in type I hypersensitivity (allergic inflammation) and also during the early stages of the innate immune response to pathogens. Several causes, from infections to tumor growth, alter the function of mast cells (Fig. 2) . The regulation of mast cell activation by conventional drugs or microorganisms, either pathogenic or symbiotic, opens a new window of opportunities to develop new treatments that could preserve and restore lung health. 
